. Plants are sedentary, therefore root growth allows exploration of the environment, a function that depends The aims of this study were to quantify developmental on the ability of roots to extend. Growth is therefore differences in acid growth along the root axis and to central to plant survival. determine whether these differences were due to Root growth can be thought of as the sum of the alterations in cell turgor or cell wall properties. The individual cell expansions in the apical region of roots. apoplast pH of maize roots growing in hydroponics was Extension growth increases then subsequently decreases altered from pH 7.0 to pH 3.4 using 2 mol m−3 citratelongitudinally away from the root tip (Burströ m, 1953; phosphate buffer or unbuffered solutions. Whole root Erickson and Sax, 1956; Sharp et al., 1988 ; Pritchard elongation rate rapidly increased and measurement Pritchard, 1994) . Since this profile is the local growth profile indicated that this increase in caused by variation in the expansion of individual cells, growth occurred in young cells in the accelerating zone an understanding of the processes governing cell expan-(apical 0-4 mm) while more proximal growing cells were sion is central to understanding root plant growth. Turgor unaffected. Unbuffered solutions of identical pH propressure provides the driving force for cell expansion and duced qualitatively similar results. Single cell turgor is generated osmotically by accumulation of solutes within pressures were unchanged between pH treatments the protoplast. It can be tightly regulated, as illustrated both longitudinally and radially in the root tip. This by its constancy both along (Spollen and Sharp, 1991; suggests that the rapid acid-induced changes in growth Tomos and Pritchard, 1994) and across (Pritchard et al., rate were due to an increase in cell wall loosening. Single cell osmotic pressure and water potential were 1989; Frensch and Hsiao, 1994; Triboulot et al., 1995) not significantly different between pH treatments. Acid the root growing zone. Variation in growth is therefore pH caused net solute import at the root tip to increase due to a sequential loosening then tightening of the cell 3-to 4-fold, which, coupled with the maintenance of wall along the growing zone. Such comparative analyturgor and osmotic pressure, indicated that solute sis of turgor and growth often reveals differences in cell import was not limiting expansion. Thus, acidic soluwall properties following environmental perturbation tions cause an increase in growth in accelerating but (Pritchard, 1998) . not decelerating regions. It has been shown for the first In addition to turgor and cell wall properties, water time that acid growth in intact, growing roots is not due entry into expanding cells can also be limiting to growth. to differences in turgor, assigning these changes to cell Growth-induced water potential gradients occur when wall properties. Possible cell wall biochemical alterawall loosening occurs faster than water can enter an tions are discussed.
Introduction
unlikely to be large, as indicated by the similarity of turgor pressure in growing and non-growing zones in Roots are the organs of plants that determine water uptake, nutrient absorption and anchorage (Pritchard, wheat (Pritchard et al., 1987 (Pritchard et al., , 1989 and maize (Spollen and Sharp, 1991; Frensch and Hsiao, 1993; tions. Studies on roots avoid these problems and correlations between pH and root growth rate have been al., 1993). Cell water potential was constant along the growing zone of maize roots . demonstrated in a number of species (Mulkey and Evans, 1981; Pilet et al., 1983; Versel and Mayor, 1985 ; Versel While variations in growth are often the result of alterations in cell wall properties, they also represent and Pilet, 1986; Taylor et al., 1996) . It is assumed that low pH causes an increase in cell different rates of dilution of cell contents. A constant turgor in the face of variation in growth indicates that wall plasticity, although in root growth this could also be due to an increase in turgor pressure. Instron measurenet solute import into the growing roots varies longitudinally in order to maintain turgor pressure.
ments of methanol-killed, excised tissue have demonstrated an increase in wall plasticity in coleoptile and The basis of changes in cell wall properties along the growing zone may be structural or biochemical. The stem tissues (Rayle and Cleland, 1970; Hager et al., 1971; Cleland et al., 1987; Virk and Cleland, 1988) and, recently, chemistry and structure of cell walls have been comprehensively reviewed ( Fry, 1988; Carpita and Gibeaut, 1993;  in root segments ( Tanimoto et al., 1999) , but to our knowledge this has not been shown in intact roots. McCann and Roberts, 1994; Passioura, 1994) . Primary cell walls are composed of cellulose microfibrils embedded
The correlation between apoplastic pH and elongation may be tested in two ways. Firstly, growth rate may be in a matrix of hemicelluloses, pectins and various proteins. The microfibrils restrict cell expansion if orientated longitaltered and the surface pH of the organ measured. However, techniques of measuring apoplastic pH are udinally to the axis of expansion, but can separate to allow expansion if transversely orientated. Hemicelluloses, frequently invasive and thus could alter cell turgor. Secondly, the pH of the root can be altered and the such as xyloglucan, are believed to hydrogen bond to the surface of microfibrils preventing separation, hence effects on growth rate observed. In each case it is predicted that lower pH will be correlated with looser walls and expansion ( Fry, 1989; Passioura and Fry, 1992) . In this scenario, cell walls can be loosened by breaking xylovice versa. This study uses the latter approach.
The aims of the present study were to: (1) localize glucan tethers or by loosening the microfibril-xyloglucan hydrogen bonds. Recently, expansins have been suggested variation in acid growth along the root growing zone; (2) determine whether changes in growth were due to alteraas a wall loosening agent by interacting with the microfibril-xyloglucan hydrogen bond (McQueen-Mason and tions in turgor or cell wall properties; and (3) assess regulation of turgor pressure during accelerated growth. Cosgrove, 1994 Cosgrove, , 1995 .
The acid growth theory of plant cell expansion holds that wall properties are dependent on the pH of the
Materials and methods
apoplast (Rayle and Cleland, 1977; Cleland, 1980; Taiz, 1984; Evans, 1985; Brummell and Hall, 1987 in methanol (Rayle et al., 1970) , digesting with pronase data not shown). Roots were acclimatized in 2 mol m−3 citric (Cleland and Rayle, 1978) or treatment with 8 M urea acid-sodium phosphate buffer at pH 7.0 for 60 min, during ( Tepfer and Cleland, 1979) abolished or greatly reduced which they attained steady-state elongation. Seedlings were then the response of coleoptiles to acid, suggesting that native transferred to either pH 7.0 (control ) or pH 3.4 for a further 90 min. Alternatively, roots were exposed to unbuffered soluwall proteins are necessary for acid-induced extension tions of pH 7.0 or 3.4, prepared from distilled water adjusted ( Taiz, 1984) . These enzymes may have increased activity with a few drops of HCl or NaOH. The final concentrations of at low pH. However, acid-induced extension occurred in chloride and sodium did not exceed 10 mM, concentrations methanol-killed segments of pea roots (Tanimoto et al., known not to affect root elongation (Pritchard et al., 1987) .
1999), indicating that low pH could directly loosen bonds
Local growth within the wall, such as the microfibril-xyloglucan hydrogen bonds hypothesized to be disrupted by expansins.
Local growth rate was measured along the root axis using timelapse photography. Root surfaces were marked at approximately
Expansins exhibit an acidic pH optimum (McQueen-1 mm intervals over the apical 15 mm using a fine, waterproof Mason et al., 1992) . Thus, acid growth may be mediated marker pen (Texta). Plants were placed in a Plexiglas chamber by cell wall expansins.
containing appropriate solution at a constant temperature and
Debates over acid growth have centred on the role of continuously aerated. Roots were photographed every 30 min. Distances between each mark were calibrated on the negative the cuticle in permitting infiltration of experimental solu-using a microscope fitted with an eyepiece graticule. Distance over the same period. Thus, the rapid increase of growth from the tip was converted to velocity as:
following a decrease in external pH was not maintained.
To determine if the acid-induced elevation of growth rate varied with stage of development, local growth was where V x is the velocity of displacement (mm h−1), L 0 is the initial distance between marks (mm), L 1 is the final distance measured along the root axis following transfer from between marks (mm) after time t, and t is the time between pH 7.0 to 3.4. At pH 7.0, maximum local growth of measurements (h). Velocity was plotted at the mid-point 0.23±0.04 mm h−1 mm−1 occurred at 4 mm from the between time intervals and between marks. A logistic sigmoid root tip. Following transfer to pH 3.4, the maximum rate curve was fitted to the data. The parameters of the fitted curve was shifted apically to 3 mm from the apex and the rate were recorded and put into the differential of the velocity equation, which was then used to calculate growth rate at increased to 0.55±0.04 mm h−1 mm−1. The increase in increasing distance from the root tip. This was repeated for growth was most pronounced in the younger cells in the each individual root. Growth rates at each mm were averaged accelerating (0-4 mm) region ( Fig. 2a) ; proximal to this, for up to 12 roots and expressed as mean±SE.
increases were small or absent. Thus, transfer from pH 7.0 to pH 3.4 elevated growth in the younger but not the Water relations older cells. However, the overall length of the growing
Single cell turgor pressure (P) was measured at intervals from zone was unchanged. Roots grown in pH 7.0 buffer the root tip and across the growing zone using a pressure probe (Hü sken et al., 1978) . Measurements were taken at 2, 3, 4, 6, exhibited unchanged growth profiles over the same time and 12 mm from the root apex from the outer six cortical period (Fig. 2b) .
layers. These distances incorporated growing (accelerating, It was possible that observed results were due to an maximum and decelerating zones) and non-growing regions of effect of the buffer itself rather than low pH ( Edwards the root. Each root was subjected to a maximum of three and Scott, 1976). To test this, roots were subjected to a penetrations to minimize damage. Vacuolar osmotic pressure (p) was measured along the similar pH regime but using unbuffered solutions.
growing zone at 2, 3, 4, 6, and 12 mm from the tip by freezing Essentially, the same qualitative picture was observed;
point depression using a picolitre osmometer (Tomos et al., maximum growth rate was increased from 0.28±0.05 to 1994) . The epidermal and first cortical layers were sampled, 0.36±0.05 mm h−1 mm−1 0-30 min after transfer to with a maximum of five penetrations per root.
Results
Following transfer from 2 mol m−3 citrate-phosphate buffer at pH 7.0 to pH 3.4, whole root elongation, averaged over a 30 min period, increased from 0.99±0.14 to 2.44±0.17 mm h−1 (P<0.001, Fig. 1 ). However, this increase was transient and 30-60 min after the switch, root growth rate had decreased to 1.19±0.16 mm h−1. Between 60-90 min from transfer, growth remained at 1.22±0.31 mm h−1. In contrast, growth rate of roots exposed to pH 7.0 buffer throughout remained constant unbuffered solution at pH 3.4 ( Fig. 3a) . Local growth rates at pH 7.0 were not significantly different from those obtained in buffered solutions (for all distances from the tip, P>0.1, Fig. 3b ). The increase in growth following a switch from pH 7.0 to 3.4 was significantly greater in buffered compared to unbuffered solutions (P<0.01) but no difference was seen when comparing decelerating and mature zones (P>0.1).
The biophysical causes of the increase in extension were investigated by measuring cell turgor. Despite large differences in longitudinal growth, turgor was unchanged along the root and was unaffected by pH treatments (Fig. 4) . Similarly, acid-induced increases in growth were (Fig. 5a, b) . The constant turgor indicates that represents the mean±SE of between eight and 20 measurements. Water the rapid increase in growth was due to accelerated wall potential is calculated from the difference in turgor and osmotic loosening.
pressure shown in the upper panel.
Osmotic pressure generates the turgor pressure that drives extension and was unchanged along the root (Fig. 4) . Similarly, the greatly elevated growth associated with transfer from pH 7.0 to pH 3.4 was not accompanied by a decrease in turgor or osmotic pressure.
Cell water potential, calculated from turgor and osmotic pressure measurements, was also unchanged following acid-induced increase in growth. Growing tissues had a slightly lower water potential (-0.36 and Increased growth is due to an increase in water influx cells along the root (Fig. 6) . Net solute import increased Downloaded from https://academic.oup.com/jxb/article-abstract/50/338/1481/509809/Acid-induced-wall-loosening-is-confined-to-the by guest on 15 September 2017 elongation was identified in Phleum roots using protonsensitive microelectrodes (Zieschang et al., 1993) .
Acid-induced growth has been reported in accelerating but not decelerating cells in other organs. For example, a correlation has been reported between acid-induced wall loosening and cell expansion in bean leaves ( Van Volkenburgh et al., 1985) . Thus, the stimulation of expansion in the accelerating region is not exclusive to roots.
In the present study, the elevation in growth was temporary; 60-90 min after exposure to pH 3.4, growth had decreased to the original rate. As detailed previously, changes in growth are due either to alterations in turgor or to cell wall properties. Thus, the decline in growth was decrease is unlikely to be a toxic effect of the buffer since control roots growing in buffer at pH 7.0 continued to grow normally. Additionally, roots in unbuffered solution and then decreased along the growing zone of roots growing at pH 7.0. Following transfer to pH 3.4, net showed a similar response to acid. A decline in elongation also occurred in maize root segments growing in pH 3.4 solute import to the root tip increased 3 to 4 times and the point of maximum import was shifted towards the tip.
citrate-phosphate buffer (Edwards and Scott, 1974) . Such a decline could be due to damage caused by prolonged exposure to high hydrogen ion concentration, but there Discussion was no damage to the protoplast because turgor was maintained. The decrease in growth may be due to damage Low external pH rapidly increased the elongation of intact maize roots. This acid growth occurred in cells of to the cell wall in some way by low pH. It could also be caused by damage to tissues, i.e. multicellular effects. For the accelerating region of the elongation zone, but was limited or absent in more proximal cells. Mature cells example, the stele may be stretched to full capacity despite protons continuing to loosen the cell walls. that had ceased growth did not re-establish elongation following a switch to low pH. Following transfer to Local growth was elevated following transfer to pH 3.4 in both buffered and unbuffered solutions, but the increase pH 3.4 turgor, osmotic pressure and water potential were unchanged along the root, indicating that changes in cell was greater in buffered solutions. The smaller increase in elongation exhibited in unbuffered pH 3.4 could be due wall properties were responsible for causing the rapid growth increase and that solute import rapidly increased.
to apoplastic pH regulation. In buffer, the apoplast is forced to be maintained at pH 3.4 when in vivo apoplastic Other authors have noted increases in root growth at low pH. The presence of acid-induced growth in intact pH is actually closer to 4.8-5.0 ( Taylor et al., 1996; Felle, 1998; S Winch, unpublished results) . Thus, in unbuffered lentil roots (pH 4.0 caused increased root growth) has been reported (McBride and Evans, 1977) while decreased solution apoplast pH may be higher than the bulk solution, a situation that would be more difficult to maintain hydrogen ion exudation correlated with decreased growth has also been found ( Yan et al., 1992) . Similar to the in buffered solution. Turgor, osmotic pressure and water potential were present study, segments of maize roots from the growing zone exhibited acid-induced growth ( Wu et al., 1996) and unchanged along the root axis following exposure to low pH, indicating that changes in cell wall properties were it has been found that maximum maize root elongation at pH 3.4 citrate-phosphate buffer occurred in the elongatresponsible for the increase in growth. Had turgor been accountable, a concomitant increase in turgor would have ing region of the root (Edwards and Scott, 1974). However, both these studies used root segments and not been expected in regions of elevated local growth. Figure 4 shows that this is clearly not the case. Cell walls in the intact, growing roots. Excision of root tissue can tighten the cell walls modifying the properties being investigated accelerating region of the root must have become looser, a process indicated by other studies (Sharp et al., 1988; (Pritchard et al., 1988) . Previous studies have shown that the fastest growing regions of roots exhibit greatest proton Spollen and Sharp, 1991; Pritchard et al., 1991 Pritchard et al., , 1993 Tanimoto et al., 1999 ). The present study shows that, efflux. A correlation has been found between maximum growth and minimum pH occurring in the root growing following acidification of the root, cell walls became looser in the apical 0-4 mm but remained unchanged zone (2-4 mm) (Pilet et al., 1983) while similar conclusions have been drawn in wheat roots (Lundegårdh, 1942) . A proximally to this: the impact of acid on cells depends on their distance from the root apex. The different correlation between the area of greatest acidification and growing zone (Pritchard et al., 1993; Wu et al., 1994 ment ( Wu et al., 1996) . The temporary nature of the 
